We studied the effect of the combination of rapid culture medium exchange with the addition of the human hematopoietic growth factors interleukin-3 (IL-3). granulocyte-macrophage colony-stimulating factor (GM-CSF), and erythropoietin (Epo) on the proliferation and differentiation of human long-term bone marrow cultures (LTBMCs). Individually and in combinations, IL-3, OM-CSF, and Epo were added t o the culture medium of LTBMCs that were maintained with 50% medium volume exchange per day. The combination of IL-3 + GM-CSF + Epo generated the most prolific cultures with an order of magnitude increase in nonadherent cell production from weeks 2 through 8 in culture as compared with unsupplemented controls. Under these conditions, the cultures produced as many cells as were inoculated every 2 weeks and led t o a greater thar12.5-fold expansion in terms of the number of nonadherent cells produced over a 6-t o E-week
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We studied the effect of the combination of rapid culture medium exchange with the addition of the human hematopoietic growth factors interleukin-3 (IL-3). granulocyte-macrophage colony-stimulating factor (GM-CSF), and erythropoietin (Epo) on the proliferation and differentiation of human long-term bone marrow cultures (LTBMCs). Individually and in combinations, IL-3, OM-CSF, and Epo were added t o the culture medium of LTBMCs that were maintained with 50% medium volume exchange per day. The combination of IL-3 + GM-CSF + Epo generated the most prolific cultures with an order of magnitude increase in nonadherent cell production from weeks 2 through 8 in culture as compared with unsupplemented controls. Under these conditions, the cultures produced as many cells as were inoculated every 2 weeks and led t o a greater thar12.5-fold expansion in terms of the number of nonadherent cells produced over a 6-t o E-week UCCESSFUL RECONSTITUTION of prolific human S bone marrow ex vivo has long been desired as it would enable a broad range of basic biologic and clinical studies. Such cultures would have great potential value for the analysis of normal and leukemic hematopoiesis, experimental manipulation of bone marrow, eg, for gene therapy, autologous and heterologous transplantation, and, if successfully scaled up, for the large-scale production of blood cells.
However, long-term human bone marrow cultures (LTBMCs) have been largely disappointing. Unlike similar cultures from species such as the tree shrew,' mouse?' and rat,6 human liquid marrow cultures fail to produce a significant number of hematopoietic progenitor (clonogenic) cells. Further, the cumulative number of mature cells produced is less than the number of cells seeded initiall~.~ The production of progenitor and mature cells decreases exponentially with time and cell production typically ceases by 8 to 10 In vivo, active hematopoiesis shows no evidence of senescence over a person's lifetime. Therefore, the failure to reconstitute prolific bone marrow ex vivo is most likely technical and due to deficiencies of the culture systems used. Using the in vivo hematopoietic conditions as a guide, we have already shown that the medium exchange rate used in human bone marrow cultures is suboptimal, and that increasing the medium exchange rate to 50% medium and serum replacement per day results in substantially increased culture effi~iency.~."
Hematopoiesis in vivo is directed by a complex interaction of hematopoietic growth factors (HGFs), which are known to act on stromal, progenitor, and stem cells.".'* These HGFs are critical for the maintenance of hematopoietic differentiation and have been classified by their ability to support the growth and differentiation of hematopoietic progenitor cells in vitro. Several of the HGFs, such as interleukin-3 (IL-3) and granulocyte-macrophage colonystimulating factor (GM-CSF), are known to be multipotent, having demonstrated stimulatory activity on several different progenitor cell p o p~l a t i o n~.~~'~~' '
Other HGFs such as IL-6, granulocyte-CSF (G-CSF), and stem cell factor period. Furthermore, the LTBMCs produced nonadherent colony-forming unit-GM (CFU-GM) for more than 20 weeks. The rapid medium exchange combined with the addition of human hematopoietic CSFs significantly enhances the proliferation and differentiation of LTBMCs. These results indicate that addition of combinations of hematopoietic CSFs, together with a rapid medium exchange rate, can provide culture conditions that are suitable for the expansion of the progenitor cell pool and perhaps for the increased survival of hematopoietic stem cells in culture. Although these culture conditions still fall short of full reconstitution of functional human bone marrow, they provide an improved approach t o hematopoietic cell culture that may permit the expansion and manipulation of progenitor cells in vitro. (SCF; c-kit ligand) have been reported to synergize with the multipotential activities of GM-CSF and IL-3.'"'' Other HGFs, such as erythropoietin (Epo) and macrophage-CSF (M-CSF), have shown biologic activity primarily on a single progenitor cell population." The hematopoietic microenvironment and locally produced HGFs are believed to direct hematopoiesis to produce specific hematopoietic cells in vivo. Therefore, the longevity and productivity of LTBMCs may be limited by insufficient production of HGFs by hematopoietic and stromal cells ex vivo in addition to suboptimal medium exchange rates.
Therefore, we asked whether the combination of rapid culture medium exchange with the addition of the human HGFs IL-3, GM-CSF, and Epo would substantially increase the proliferation and differentiation of human LTBMCs. The results presented here show that increased medium exchange with HGF addition significantly improves hematopoietic culture proliferation and hematopoietic cell differentiation over increased medium exchange or HGF addition alone. Due to the frequent culture supplementation via rapid medium exchange, HGFs were added to the medium at approximately 1/20 of the concentrations found to promote maximal colony formation in clonal 21 The concentrations used were 1 ng/mL of IL-3 (a gift from Genetics Institute, Cambridge, MA), 1 ng/mL of GM-CSF (Amgen Biologicals, Thousand Oaks, CA, Cat. No. 13050), 0.1 U/mL of Epo (Terry Fox Labs, Vancouver, Canada), 10 U/mL IL-6 (Collaborative Research Inc), and 0.1 ng/mL G-CSF (Amgen Biologicals).
Nonadherent hematopoietic cells removed from culture were counted and plated at 1 x lo5 cells/mL or fewer cells in methylcellulose." GM-CSF and Epo were added to the methylcellulose at 20 ng/mL and 2 U/mL, respectively. The cells were plated in 24-well plates at 0.25 mL/well and incubated at 37°C for 14 days. The colonies were then counted under an inverted microscope and colonies greater than 50 cells were scored as GM colony-forming units (CFU-GM), erythroid burst-forming unit (BFU-E), or granulocyte erythroid megakaryocyte macrophage colony-forming unit (CFU-GEMM). Aliquots of removed cells were cytocentrifuged after counting, air-dried, stained with Wright-Giemsa, and differential cell counts performed.
The cultures were incubated at 37°C in a humidified 5% C02/95% air atmosphere and mediumchanged at a rate of 50% daily medium exchange. During the first week in culture, all cells removed during the daily medium exchange were centrifuged and returned to the original wells. After the first week in culture, 50% of the total nonadherent cells were removed from the cultures on a biweekly basis during the medium exchange, mononucleated cells counted, and fresh medium returned to the wells. The remaining 5 days per week when the cells were not counted, 50% of the medium was removed from each of the culture wells and replaced with fresh medium, the removed medium was centrifuged, the medium decanted from the cell pellet, and the cells returned to their original wells.
The probability of significant differences between groups of cultures was determined by comparing the normalized cumulative cell production values from the rapid medium exchanged cultures supplemented with HGFs with the matched untreated control cultures using a paired t-test. Statistical significance was taken at the 5% level. There were no statistical differences between matched rapid medium exchanged LTBMCs cultured on tissue culture plastic and type I rat tail collagen at the 5% level. Therefore, the data for the plastic and collagen matrix were combined for presentation in this and all other figures and statistical analysis was performed on the combined data.
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RESULTS
Kinetics of cell production in rapid medium exchanged growth factor-supplemented LTBMCs. As a first test of the hypothesis that the longevity and productivity of LTBMCs is limited by insufficient production of HGFs, we maintained rapidly exchanged ex vivo bone marrow cultures that were supplemented with IL-3 or Epo. In these cultures, 50% of the medium was removed daily and replaced with an equal volume of fresh medium supplemented with IL-3 or Epo. The cells removed were then centrifuged, the medium decanted and discarded, the cells resuspended, and the cells returned to the original cultures. IL-3 and Epo individually enhanced the cell productivity of rapidly exchanged LTBMCs (Fig 1A) . The cultures containing Epo alone initially had a high cell production rate due to substantial terminal erythroid differentiation. However, by week 4 erythropoiesis had ceased and the cell production rate had decreased to the level of the control cultures. IL-3 and Epo induced an average increase in nonadherent cell production over controls throughout the 18 weeks of culture of 175% and 173%, respectively (Fig 1B) .
Combinations of growth factors proved to be more effective in increasing the nonadherent cell production rate (Fig 2A) . The highest rate of cell production was observed for the combination of IL-3 + GM-CSF + Epo. These cultures produced approximately 25% of the number of cells inoculated biweekly during the first 6 weeks in culture and had an average 4.8-fold increase in nonadherent cell production over controls during weeks 2 through 8 ( Fig 2B) .
The combination of IL-3 + GM-CSF produced an average 3.5-fold increase in nonadherent cells as compared with controls through week 8. In separate experiments, adding either IL-6 or G-CSF to the combination of IL-3 + GM-CSF + Epo did not improve the nonadherent cell production rate, but instead resulted in cell production rates indistinguishable from the cultures containing the combination of IL-3 + GM-CSF (data not shown). In all cases, the stimulatory effect on cell production induced by the addition of HGFs was maximal between weeks 0 and 8 and after 14 weeks in culture. After 14 weeks in culture, HGF supplementation caused cell production to stabilize or slowly decrease whereas cell production in the unsupplemented controls continued to decrease. The combinations of HGFs lead to high absolute numbers of nonadherent cells produced in rapidly exchanged LTBMCs. The productivity of the cultures can be shown by comparing the cumulative number of cells produced over time (Zr=l C,, with C, being the number of nonadherent cells collected at time i), relative to the number of cells inoculated (C,) by plotting the ratio (Z:=, C,/C,) as a function of time. When this ratio exceeds unity, a culture has produced more cells than were inoculated and the culture has led to an expansion in cell number.
The combination of IL-3 + GM-CSF + Epo induced cumulative cell production that was more than threefold greater than the number of cells inoculated (Fig 3) . The cell production rate was the highest during the first 6 weeks in culture, during which time the cultures produced approximately as many cells as were inoculated every 2 weeks. This maximum cell production rate was 15% of the estimated in vivo bone marrow cell production rate where 50% of the myeloid cell mass is generated daily. The combination of IL-3 + GM-CSF resulted in a more than twofold expansion in cell number and at rates comparable with the combination of IL-3 + GM-CSF + Epo during weeks 3 through 7 in culture. Untreated rapidly exchanged (50% daily medium exchange) and slowly exchanged (50% medium exchange biweekly) control cultures not supplemented with HGFs produced approximately 1 and 0.37 times the number of cells inoculated after 18 weeks, respectively (Fig 3) . More importantly, more than half of all cells removed from these unsupplemented cultures came from the first two samplings, indicating that many of these cells were from the original inoculum and that supplementation of the cultures with HGFs is required to induce significant cycling of progenitor and stem cells.
The addition of multiple HGFs also increased the variety of myeloid cells For personal use only. on November 15, 2017. by guest www.bloodjournal.org From produced in the cultures. The control cultures produced nonadherent cells that were predominately macrophages after week 3 in the culture. Production of erythroid cells decreased rapidly with few erythroid cells detected after week 5 (Fig 4) . The cultures containing Epo (Epo alone, IL-3 + Epo, and IL-3 + GM-CSF + Epo) produced a transient increase in erythroid cell production, with a high percentage (55% to 75%) of nonadherent cells being erythroid through week 3. When IL-3 + Epo f GM-CSF was present, the cultures continued to produce erythroid cells throughout the 16 weeks in culture with about 5% to 15% of the nonadherent cells being typed as erythroid (Fig   4) . Thus, in the presence of IL-3 + Epo, a low level of erythropoiesis was maintained throughout the culture.
IL-3 f Epo led to a nonadherent cell population that was predominately (60% to 70%) late granulocytes (LGs) at week 5 (Fig 4) . The percentage of LGs steadily decreased until it reached about 20% at week 18. The percentage of macrophages increased correspondingly. When GM-CSF was added to IL-3 ~fr Epo, the high percentage of LGs persisted through 18 weeks (Fig 4) . Thus culture (Fig 5 ) show the dramatic enhancement in culture density and variety of cells produced.
Progenitor cell production increased with the addition of multiple HGFs. The production of CFU-GMs in the untreated controls was prolonged and steady for over 18 weeks (Fig  6A) , which is consistent with our earlier results in rapidly exchanged LTBMC.7 CFU-GM produced in the IL-3 + GM-CSF and IL-3 + Epo * GM-CSF cultures was approximately 10-fold higher than controls during weeks 3 through 5, while total CFU-GM production was greater than twofold higher than controls through 17 weeks (Fig 6B) .
BFU-E production in human LTBMC has been reported to be low and cease quickly! The rapidly exchanged, untreated controls exhibited a rapid decrease in BFU-E production, although low levels of BFU-E were produced through 17 weeks in culture (Fig 7A) . The addition of Epo alone did not significantly influence the number of BFU-Es produced. IL-3 alone induced a mild short-lived stimulation of BFU-E production in weeks 3 through 5. On the other hand, IL-3 plus either Epo or GM-CSF induced a 10-to 30-fold elevation of nonadherent BFU-E levels compared with that of controls during weeks 3 through 5 of culture (Fig 7B) . Total BFU-E production was 1.7-fold higher in the IL-3 + Epo and IL-3 + GM-CSF than the unsupplemented controls (Fig 7B) .
Kinetics of nonadherent progenitor cell production.
DISCUSSION
Hematopoiesis is a highly dynamic and complex process of cell differentiation that is influenced by a number of biologic and physical variables. Heretofore, efforts to reconstitute a functional hematopoietic process ex vivo have met with limited success. The LTBMC systems used in most laboratories provide for conditions that are very different from those believed to prevail in vivo. The data presented here support the hypothesis that mimicking the physiologic bone marrow medium exchange rate in vitro combined with supplementation with picomolar quantities of hematopoietic growth factors can lead to active LTBMCs and bone marrow expansion ex vivo.
Slowly exchanged human LTBMCs produce fewer number of myeloid cells than the number inoculated into culture, indicating rapid failure of the culture microenvironment. Increased medium exchange has previously been shown to provide an LTBMC microenvironment that supports increased myelopoiesis compared with slowly exchanged LTBMCS.~ The unsupplemented rapidly exchanged control cultures in this previous study produced approximately as many cells as were inoculated through 18 weeks in culture. However, supplementation of these rapidly exchanged LTBMCs with picomolar quantities of HGFs leads to significantly increased myeloid cell production over unsupplemented controls. Our optimum cultures, including IL-3 + GM-CSF + Epo, induced stable nonadherent myeloid cell production for 6 weeks in culture where the cultures produced approximately 25% of the number of cell inoculated biweekly. This note of cell production is a significant improvement over our unsupplemented control cultures and other reported cultures that exhibit a decrease in cell number from culture initiation.'
For personal use only. on November 15, 2017 . by guest www.bloodjournal.org From The variety of cells produced in rapidly exchanged LTBMCs was significantly affected by HGF addition. Supplementation of the LTBMCs with IL-3 induced increased granulocyte production through 16 weeks in culture, suggesting a direct effect of IL-3 on granulopoiesis. Supplementation with Epo induced a rapid burst in erythropoiesis during the first 4 weeks in culture, indicating its ability to induce the differentiation of erythroid progenitors that were present in the inoculum, but not to recruit myeloid progenitors into the erythroid lineage. IL-3 + Epo and IL-3 + GM-CSF + Epo induced a burst in cell production during the initial 2 to 4 weeks in culture due to differentiation of the erythroid progenitors that were present in the inoculum (similar to Epo alone), but also induced low level production of erythroid cells throughout the 18 weeks in culture. This finding suggests that the combination of IL-3 + Epo is sufficient for recruitment of primitive myeloid cells into the erythroid lineage. IL-3 + GM-CSF and IL-3 + GM-CSF + Epo induced significant increases in granulocyte production resulting in 40% to 70% of the cells produced through week 18 in culture being granulocytic. This result differs from previous LTBMCs where granulopoiesis decreases more rapidly than does macrophage production as seen in the control, Epo, IL-3, and IL-3 + Epo cultures. Therefore, culture supplementation with both IL-3 and GM-CSF resulted in the optimum long-term stimulation of granulopoiesis in these studies.
Total GM-progenitor cell production was also increased with HGF supplementation of the rapidly exchanged LTBMCs. Increased CFU-GM and total cell production in the rapidly exchanged HGF-supplemented cultures suggests that there is increased cycling of stem cells or increased survival of primitive hematopoietic cell capable of producing increased numbers of myeloid progenitor cells.
Nonadherent BFU-E production was stimulated by combinations of HGFs but not single HGFs. Cultures supplemented with IL-3 + Epo or IL-3 + GM-CSF but not Epo or IL-3 alone showed increased BFU-E production, suggesting that there is a synergistic effect of Epo and GM-CSF with IL-3 on BFU-E production. The role of Epo in this synergism could be indirect, perhaps mediated by endothelial cells that have been reported to be stimulated by Epo.** These data show significant improvements over other recent reports8 which have shown that although cell production increases over untreated controls with addition of HGFs to standard slowly exchanged human LTBMCs, the increases are smaller and shorter in duration than are reported here. This discrepancy suggests that physiologic exchange stimulates hematopoiesis by a mechanism independent of, and synergistic with, the effects of IL-3, GM-CSF, or Epo. For example, results in this lab suggest that unstimulated confluent stromal layers such as would be present in LTBMCs do not produce HGFs such as GM-CSF. However, increased serum/medium exchange rates can induce production of GM-CSF by stromal cells in Therefore, increased medium exchange and addition of HGFs may also induce other HGF production such as c-kit ligand by stimulating hematopoietic or accessory cells in the c~l t u r e s .~~~*~ Therefore, increasing the medium exchange rate may provide LTBMCs with benefits other than just increasing metabolite and decreasing waste product levels.
Long-term progenitor cell production in our system indicates that primitive hematopoietic cell division and maintenance are occurring for over 10 weeks in culture. This result may have implications for use of this LTBMC system for hematopoietic gene therapy as well as for stem cell selection in vitro, both of which require long-term stem cell division and/or maintenance. The stem cell division suggested by the high level of progenitor cell production during the first several weeks in culture should theoretically allow retroviral vectors to achieve high therapeutic gene transfer levels into cycling stem cells, improving the possibility for successful gene therapy.
In summary, the results indicate that modeling LTBMCs on the in vivo physiologic bone marrow environment results in significant advantages over previous LTBMCs. Our attempts to mimic the bone marrow medium exchange rate in vitro, combined with daily supplementation of LTBMCs with low levels of IL-3 + GM-CSF + Epo, induced ex vivo For personal use only. on November 15, 2017. by guest www.bloodjournal.org From expansion of human bone marrow with significant increases in CFU-GM and BFU-E production Over This system should have widespread application to the and manipulation of hematopoiesis in vitro, and lay the groundwork for further advances in the complete ex vivo reconstitution of human bone marrow.
